A laboratory-scale reactor was developed to evaluate the capture of carbon dioxide (CO 2 ) from a gas into a liquid as an approach to control greenhouse gases emitted from fixed sources. CO 2 at 5-50% concentrations was passed through a gas-exchange membrane and transferred into liquid media-tap water or simulated brine. When using water, capture efficiencies exceeded 50% and could be enhanced by adding base (e.g., sodium hydroxide) or the combination of base and carbonic anhydrase, a catalyst that speeds the conversion of CO 2 to carbonic acid. The transferred CO 2 formed ions, such as bicarbonate or carbonate, depending on the amount of base present. Adding precipitating cations, like Ca ϩϩ , produced insoluble carbonate salts. Simulated brine proved nearly as efficient as water in absorbing CO 2 , with less than a 6% reduction in CO 2 transferred. The CO 2 either dissolved into the brine or formed a mixture of gas and ions. If the chemistry was favorable, carbonate precipitate spontaneously formed. Energy expenditure of pumping brine up and down from subterranean depths was modeled. We conclude that using brine in a gas-exchange membrane system for capturing CO 2 from a gas stream to liquid is technically feasible and can be accomplished at a reasonable expenditure of energy.
INTRODUCTION
Carbon dioxide (CO 2 ) emissions can be divided into two main types: emissions from fixed sources (e.g., industry, heating, and power generation) and emissions from mobile sources (e.g., in-use cars and trucks). Fixed-source emissions compose about two thirds of total U.S. CO 2 emissions, whereas mobile sources compose the remainder. Globally, in 2000, emissions from fossil fuels totaled ϳ23.5 Gt of CO 2 /yr, with most from North America, Europe, East Asia (i.e., China), and South Asia (the Indian subcontinent). 1 The Intergovernmental Panel on Climate Change Special Report on Emission Scenarios estimates CO 2 emissions at 29 -44 Gt of CO 2 /yr in 2020 and 23-84 Gt of CO 2 /yr in 2050. 1 Sixty percent of fixed-source emissions are large-scale (e.g., Ͼ0.1 Mt of CO 2 /yr) and occur at specific locations. Most are amenable to CO 2 control strategies, such as CO 2 capture and storage, albeit at an economic cost. 1 One form of CO 2 capture and storage (also referred to as CO 2 sequestration) is the process of capturing CO 2 from emission streams and placing it in geologic sites, such as depleted oil and gas wells, coal bed formations, or saline formations for indefinite periods. This approach is attractive, because fossil fuels can still be used while addressing concomitant concerns about global climate change. Indeed, part of the U.S. Department of Energy long-term strategy for a hydrogen economy is based on coal (of which the United States has 1 billion t, about a 200-to 250-yr supply) with concomitant CO 2 capture and storage. Because fossil fuels provide 85% of world energy, the transition toward more environmentally attractive alternatives, like a hydrogen-based economy, will take significant time. Initially, large amounts of hydrogen fuel will most likely be generated by reforming fossil fuels, which generates large amounts of CO 2 as a by-product. 2 Thus, a strategy for dealing with fixed-source CO 2 emissions is essential for technologic approaches to greenhouse gas reduction.
A number of analyses suggest the opportunities and problems posed by using geologic capture and storage. These studies are based on the traditional approach of using alkanolamine scrubbing. Our approach to CO 2 capture and storage is based on a different capture method (i.e., using membranes). However, the data available for traditional scrubbing provide useful reference benchmarks for understanding the potential for geologic sequestration. For example, Hendriks and Blok 3 provided an early estimate of underground storage. They indicated that 500 -1100 Gt of CO 2 could be stored in saline formations and permeable beds at varying depths. The thickness of the formation varies, and its porosity, permeability, and cap rock formation determine its suitability as a permanent reservoir. Hoffert et al. 4 reviewed options for stabilizing atmospheric CO 2 levels and noted that a major sequestration effort would be required unless major emission-free primary sources come online by 2050. White et al. 5 reviewed CO 2 capture with deposition in coal beds and deep saline formations. They noted the vast potential of saline storage reservoirs, reviewed approaches to capturing CO 2 , discussed the depositing and fate of CO 2 , and reviewed the health, safety, and environmental impacts of such a strategy. Shafeen et al. 6 reviewed the technologic challenges of capturing CO 2 and storing it as a supercritical fluid in two separate, deep saline formations in southwestern Ontario with a capacity of 289 and 442 million t each. They found that 14,000 t/day could be stored economically. 7 In the present work, we assess the feasibility of sequestering CO 2 from fixed sources using a strategy based on membranes and gas-to-liquid transfer with the goal of transferring CO 2 gas directly to brine. We developed a laboratory-scale reactor that captures and chemically converts CO 2 to other chemical species that can be stored in various ways. This approach could expand options for CO 2 capture and storage by providing an alternative to traditional monoethanolamine scrubbing and by broadening the possible storage options for the CO 2 (e.g., gas vs. mineralization).
EXPERIMENTAL WORK
Laboratory Reactor Design. A laboratory-scale reactor was constructed to determine critical parameters for efficient transfer of CO 2 gas from a gas stream to a capture liquid (Figure 1 ). A gas stream and a liquid stream simultaneously passed through a gas exchange module containing a microporous gas-exchange membrane. The CO 2 gas diffused across the membrane to the liquid side and was swept away as dissolved CO 2 , acid (carbonic acid), or anions (bicarbonate or carbonate).
Gas Exchange Module. The membrane module consisted of a commercially available Medtronic Affinity NT 511 hollow-fiber gas exchanger that is used for efficient O 2 and CO 2 exchange in heart-lung machines. The membrane is composed of microporous, polypropylene hollow fibers with a 2.5-m 2 gas-exchange surface area. The module was modified on the gas side using epoxy plugs to occlude gas vents on the module. This allowed gas pressure to be controlled at 5-25 psi, the approximate range specified by the manufacturer. In these experiments, tap water, tap water with added substances (see below), water purified by reverse osmosis, or simulated brine was fed into the liquid side.
Gas Flow. CO 2 (BOC Gases) in varying concentrations (5%, 10%, 30%, and 50% nominal concentration in air) was metered through an Alicat mass flow controller at 1-9 L/min into the gas inlet of the gas exchange module. Corrections were made to the mass flow controller set point to account for changes in gas viscosity at varying concentrations of CO 2 gas using established procedures. 8 A back pressure of 5-25 psi was maintained by using a gate valve and a 0 -50 psi pressure gauge (McDaniels Controls). The effluent gas from the module then passed through a Model 100 Waterless Chiller (California Analytical) having a 10-L/min flow capacity to remove water. An Alicat mass flow meter was used to determine the effect of losing CO 2 on the mass flow of gas after the exchange process. Then, the dried gas flowed into a California Analytical Model 200 nondispersive IR analyzer to determine CO 2 concentration to Ϯ0.1%.
Liquid Flow. Because seasonal fluctuations in water temperature affected measurements significantly, tap water was tempered to 22°C using a Lawler 9700 Type TP thermostatic mixing valve. The liquid was pumped from a reservoir using a Micropump Model 2211562 L19301. The water passed through an Omnifilter U25 water filter, and the flow was monitored using a Blue-White Industries liquid flow meter at 1-9 L/min. A back pressure of 10 psi was maintained on the water side of the module by using a gate valve and a McDaniels Controls pressure gauge. For some experiments, a Micropump O/C GA Gear Pump Model 75211-22 drew off 100 mL/min from a T fitting connected to the aqueous effluent stream and fed it into an Orbisphere Model 3610 CO 2 sensor that measured dissolved CO 2 . A sidestream from the main effluent flow was passed through a flow cell fitted with a Cole Parmer SI499 FF03 pH probe and a Thermo Orion Model 410A ϩ pH meter for pH determination.
Simulated Michigan Brine. CO 2 at a concentration of 30% in air was used for experiments employing simulated Michigan brine. Simulated brine was made using a formula derived from the U.S. Bureau of Mines for "typical" Michigan brine 9 and contained the following substances: 8.2 g/L of MgCl 2 , 13.64 g/L of CaCl 2 , 5.45 g/L of NaCl, and 0.48 g/L of KCl (all J.T. Baker). These components were dissolved into tempered tap water (TTW) at 22°C or, in certain experiments where we performed a mass balance, into water purified by reverse osmosis. CO 2 Transfer. In the first set of experiments, we evaluated the transfer efficiency of CO 2 from gas streams with concentrations of 5%, 10%, 30%, and 50%. We used filtered TTW as the capture liquid while maintaining back pressure of 5 psi on the gas side and 10 psi on the liquid side. The mass fraction, the mass transfer, the concentration of CO 2 in the capture liquid, and the pH of the effluent were determined. In the next experiment, we assessed the effect of simultaneously varying gas and water pressure on extraction efficiency. We compared a 30% gas stream at 5 psi, tap water at 10 psi, to a 30% gas stream at 20 psi, tap water at 25 psi. We then evaluated the effect of the interaction of pH and dissolved sodium bicarbonate on extraction efficiency. First, we adjusted 100 L of TTW to pH 9, 8.3, and 5.9 (all Ϯ0.1) with 50% NaOH and measured CO 2 extraction efficiency using the TTW at the three pHs. We then made up a solution of TTW with 2000 mg/L of sodium bicarbonate and readjusted each pH to the same three starting pH values. We measured CO 2 extraction efficiency for each combination of sodium bicarbonate and pH and compared the effect of adding sodium bicarbonate with the effect of pH alone. In the next experiment, we assessed the effect of varying pH and/or adding the catalyst carbonic anhydrase (EC.4.2.1.1, C-3934, Lot 111K1102, from bovine erythrocytes, 4860 W-A units/mg protein; Sigma) on capture efficiency. In this experiment, we used 30% CO 2 at 7 L/min and compared CO 2 extraction using TTW with extraction using 40 L of water that had been alkalinized by adding 19.2 mL of 50% NaOH (19.4 N) . We then added 10 mg/mL of carbonic anhydrase and compared the CO 2 extraction again. In a final set of experiments, we measured the yield of carbonate salt produced by adding a continuous flow of reagents to the reactor effluent. We used a 10% CO 2 feed stream, TTW, TTW with 0.02 M KOH, or TTW with 0.02 M KOH, to which 10 mg/L of carbonic anhydrase had been added. These solutions were run at 1 L/min through the membrane module, and the effluents were treated with 1 M KOH at 17 mL/min and 1 M CaCl 2 at 25 mL/min. The precipitate that formed was collected on filter paper, washed, dried, and weighed.
Baseline Experiments Using Water
Chemical Characterization of Precipitate. To chemically characterize the white precipitate that formed during experimentation, the reactor was operated at the following conditions: 30% CO 2 feed stream at 5 or 7 L/min and TTW at 3 L/min. An excess of CaCl 2 (20 g/L as CaCl 2 ⅐2 H 2 O) was then added to the collected effluent, and the pH was adjusted to pH 8 or 9 using 0.02 M KOH. Calcium and sodium were determined quantitatively by inductively coupled plasma/atomic emission spectroscopy. Carbon and sulfur mass determinations were performed quantitatively by combustion IR analysis. Chloride was determined qualitatively by silver nitrate precipitation and was correlated with X-ray fluorescence spectroscopy comparing k-␣ Cl and Ca peaks using quantitative Ca data from above.
Experimental Protocols Using Simulated Brine
Long-term membrane performance was evaluated by running simulated Michigan brine intermittently for 4-hr periods at 10-to 50-day intervals over 190 days. After each 4-hr run, membrane performance was determined by running 5 L/min of 30% CO 2 with 5 L/min of TTW alone, and the CO 2 transfer was compared with baseline values. We next determined the ability to capture and convert CO 2 into carbonate salts using brine in the reactor. In contrast to previous work, no components were added to the reactor effluent to facilitate precipitation. In these experiments we prepared brine at neutral pH and brine that was alkalinized using 3630 mg/L of tris(hydroxymethyl)aminomethane (TRIS) base (Sigma). To perform an accurate mass balance, we used water purified by reverse osmosis to remove dissolved CO 2 . Effluent was collected and allowed to react overnight. The precipitate was collected, and the yield was determined as described previously. 10 
Energy Use Modeling
General Considerations. We created a model, Energy Model for Carbon Dioxide Sequestration Strategies (EMSS), to assess energy requirements for using a strategy based on membranes and brine to capture and store CO 2 . A copy of EMSS is available at http://www.awma.org/journal/pdfs/ 2006/12/dziedzicsupplementalmaterial.xls. The energy required to pump liquid from subterranean reservoirs and to return the liquid to the reservoir was calculated. Results are reported as megawatt hours per ton of net CO 2 captured (i.e., the amount captured less that amount produced in supplying the power for the operation) and as the ratio of the rate of net CO 2 captured to the rate of CO 2 captured unadjusted for CO 2 from energy use, which is a measure of efficiency of the sequestration operation. The energy calculations were divided into three parts: (1) power to pump the brine, (2) power to compress the input gas stream, and (3) energy penalty for generating electricity to run the operations. The last step in the model optimizes the liquid flow rate based on the theoretical CO 2 input concentration.
The model was used to iterate solutions for energy consumption and efficiency from a given set of input variables (e.g., CO 2 concentration, flow, etc.). A given energy expenditure and/or storage efficiency was targeted for a set of input parameters that described a process (e.g., hydrogen production) and determined solutions in terms of the requirements (e.g., depth, base concentration, etc.) to attain those targets. The target was chosen to provide an energy input for sequestration that was consistent with the Department of Energy target of a small (Ͻ10%) cost added to energy generation expenditure. Many solutions are possible for the same output and depend on the choice of depth, amount of added base, and so forth.
Brine Pumping Power Calculation. The power required to pump brine up from and back to an underground reservoir was calculated using the reservoir depth, liquid flow rate desired, sp gr of the brine, and the motor/pump efficiency (eq 1). This equation was modified from Turton et al. 11 by adding a sp gr term () to account for increased weight of brine salts. The equation by Turton et al. 11 was adapted from Walas, 12 where ε is the motor/pump efficiency:
After the resultant power was calculated, the additional power required for any desired gas compression (see following section) was added.
Gas Compression Power Calculation. The power required for compressing a mixture of air and CO 2 was calculated based on eq 2, also from Turton et al. 11
where m is the molar flow rate, Z is the compressibility (assumed to be 1), R is the gas constant (8.314 J per mol-K), T is temperature (K), P 1 and P 2 are initial and final pressure (atmospheres), and a is 1 Ϫ k Ϫ1 , where k is (C p /C v ), the ratio of the heat capacity of the gas at constant pressure to the heat capacity of the gas at constant volume. The value of k was assumed to be 1.41, the value for an ideal diatomic gas, and, therefore, a remains constant at 0.2908. Although Z and a are different for CO 2 , the modeled values result in a conservative estimate of compression power for mixtures of CO 2 and air and had no impact on the energy use for net CO 2 captured.
CO 2 Penalty and Energy Use
Calculations. The rate of CO 2 produced as a by-product of the energy used in the pumping operation was calculated based on the input value of 1.35 lb of CO 2 per kilowatt-hour of electrical energy used. 13 Energy consumed per year was calculated from inputs of power in kilowatts and duration of use.
CO 2 Concentration and Capture Calculations. In the final step, the rate of CO 2 capture, the highest theoretical concentration of CO 2 in the liquid, and the lowest theoretical liquid flow rate were calculated. The mass flow of CO 2 in the gas stream was calculated using inputs of gas stream flow, pressure, temperature, and concentration of CO 2 . The input value of gas stream pressure was added to the total head pressure requirement for the submerged pump in the pumping power section. After the mass flow of CO 2 was calculated, the concentration of CO 2 (100% transfer efficiency) was found by dividing the mass flow of CO 2 in the gas stream by the liquid stream flow. The theoretical molarity of the CO 2 was calculated, and if base was present, the theoretical concentration of CO 2 in the liquid was reduced by the concentration of the base, assuming the reaction proceeded in a one-to-one manner. The calculated theoretical concentration of CO 2 remaining in the liquid was corrected by the fraction that was transferred through the membrane and into the liquid. It was assumed that a value of 0.9 could be achieved based on laboratory-scale experimental results (e.g., see Figure 2 ).
To find the lowest theoretical liquid flow, we first determined the maximum concentration of CO 2 theoretically possible in the liquid, given a set of model conditions. The baseline concentration, which was adjusted by the model, was 0.033 mol/L, the solubility of CO 2 at room temperature and pressure. This baseline value was multiplied by the gas stream pressure, the percentage of CO 2 in the gas stream divided by 100, and the transfer efficiency (fraction) to obtain the maximum concentration of CO 2 theoretically possible in the liquid. No correction was made for the temperature of the liquid. After the maximum theoretical CO 2 concentration was calculated for the model conditions, liquid flow rates were automatically iterated until the modeled CO 2 concentration converged on the maximum theoretical CO 2 concentration. This value was the lowest theoretical liquid flow rate. This flow rate was then input into the pumping power calculation and the energy values adjusted accordingly.
The rate of CO 2 capture was found by adjusting the expected theoretical capture rate. Finally, the energy use per ton of net CO 2 captured was determined from the energy use for the year divided by the yearly rate of net CO 2 captured. The overall efficiency of the sequestration was represented by the ratio of the rate of net CO 2 captured to the rate of CO 2 captured, unadjusted for CO 2 from energy expenditure. The relationship of the components of the model is shown in the appendix.
Limitations. EMSS uses simplifying assumptions so that an approximation of operating energy expenditure could be made. It does not include energy for drilling or maintenance, which would be one-time or small expenditures of energy. Energy needed to overcome friction from liquid movement through pipe is not included.
RESULTS

CO 2 Transfer and Chemical Conversion
We determined the efficiency of CO 2 transfer over a broad range of conditions by varying CO 2 concentration (5-50%), water flow (1-7 L/min), and gas flow (1-9 L/min) while maintaining fixed back pressures of 5 psi on the gas side and 10 psi on the water side. A representative figure using 30% CO 2 is provided (Figure 2 ). In general, the extraction efficiency depended on the CO 2 concentration and the ratio of gas-to-liquid flow rate. The fraction of CO 2 extracted from the gas stream varied as a function of water and gas flows, ranging from 10% to ϳ100% (Figure  2, top) . At the highest CO 2 concentration (50% CO 2 ), varying gas flow and water flow produced extraction efficiencies from 100% to Ͻ20%. With 5% CO 2 , somewhat less (80 -90%) of the CO 2 was maximally extracted under the most favorable gas-to-liquid flow ratio used. The rate of CO 2 transferred to the water for 30% gas (Figure 2 , middle) was dependent on the gas and water flow rates. At 30% CO 2 , the maximal rate was 63 mmol/min at optimal gas and water flow. Overall, the rate of CO 2 transferred varied from Ͼ115 mmol/min (50% CO 2 flow at 9 L/min; liquid flow at 7 L/min) to Ͻ2 mmol/min (5% CO 2 flow at 1 L/min; liquid flow at 1-7 L/min). We calculated the concentration of carbon species (i.e., dissolved CO 2 and ionic forms, expressed as dissolved CO 2 ; Figure 2 , bottom). The values correlated with dissolved CO 2 (at neutral pH) as measured using a CO 2 sensor using an Orbisphere monitor as described in the methods (data not shown). At 30% CO 2 , the maximal concentration occurred at low water flows and high gas flows. The maximal concentration of CO 2 was 27 mmol/L when 50% CO 2 was used. CO 2 reacts with water according to the following reaction:
The carbonic acid then rapidly dissociates to form HCO 3 Ϫ and H ϩ . The effect of this reaction could be readily seen in effluent pH changes as a function of gas and liquid flow. For example, at 50% CO 2 concentrations, a maximal change of ϳ2 pH units was observed in our system at gas and water flows of 9 L/min and 7 L/min, respectively. Lesser pH changes were observed at lower CO 2 concentrations and depended on gas and water flow rates.
We next assessed the effect of varying the pressure of the gas stream on extraction efficiency. We changed the gas and water back pressures from gas (30% CO 2 ) at 5 psi with water at 10 psi to gas at 20 psi with water at 25 psi ( Figure 3) . The extraction efficiency increased significantly at elevated pressure for comparable gas and water flows. In the next experiment, we determined the effects of adding base (NaOH) alone or with added carbonic anhydrase catalyst on transfer efficiency (Figure 4 ). Adding 19.2 mL of 50% NaOH to 40 L of tap water increased the capture efficiency by ϳ1.2-fold over water alone. When we used the same alkalinized liquid and added catalyst at 10 mg/L, the capture efficiency increased to 1.4-fold over water alone.
The ability of liquid to extract CO 2 is affected by the pre-existing "carbon load" of the liquid. To understand this effect on extraction efficiency, we added a carbon load in the form of sodium bicarbonate to TTW and adjusted the liquids to varying pHs. The pH affects the extraction efficiency by determining whether the CO 2 load exists predominately as dissolved gas and carbonic acid (pH Ͻ 6); predominately as dissolved bicarbonate with some dissolved CO 2 , carbonic acid and carbonate ions (pH 6 -10); or as a mixture of bicarbonate and carbonate ions with a minor component of dissolved CO 2 and carbonic acid (pH 8 -12). We assessed the combined effect of adding 2000 mg/L of sodium bicarbonate and varying pH on extraction efficiency using 30% CO 2 at gas flows of 1-7 L/min and a TTW flow of 3 L/min ( Figure 5 ). At alkaline and intermediate pH, the effect of bicarbonate and pH was negligible. The effect of acid pH was negligible on extraction efficiency when using TTW but was significant when bicarbonate was present, where efficiency was reduced by Ͼ90%.
Finally, we ran the reactor and added a continuous flow of base and calcium chloride to the reactor effluent.
In this case, CO 2 was converted into carbonate salts (Figure 6 ). Chemical analysis of the precipitate formed under similar conditions indicated that the precipitate consisted of nearly all CaCO 3 and that other salts (e.g., NaHCO 3 and NaCl) were absent ( Table 1) .
Simulated Michigan Brine
When using simulated Michigan brine, the capture efficiency reduced by a small amount compared with TTW. The largest effect seen over a range of gas flows (1-7 L/min) with water flow fixed at 3 L/min was a 6% reduction. The magnitude of reduction depended on gas flow (i.e., the amount of CO 2 transferring into the liquid). This reduction was readily reversed by using TTW, indicating that the observed effects were transient changes in CO 2 loading capacity because of the salt content of the simulated brine.
We determined the effect of using brine on membrane integrity over time ( Figure 7 ). Our experimental system was used intermittently over weeks with interspaced periods of "down time" to determine the potential impact of repeated runs and prolonged periods of fluid stagnancy in the system. We initially conducted three runs with TTW to establish a baseline and then switched to using simulated brine. The switch showed an initial reduction in efficiency of Ͻ5%. Over the next several weeks, we assessed membrane performance between brine experiments, using TTW to compare the efficiency with our initial TTW runs. Gas and liquid flows were kept constant. The extraction efficiency as measured with TTW runs remained within 6% of initial values over the testing period indicating that membrane efficiency was well preserved. In addition, a wash with strong acid could be used to restore the efficiency of the membrane to within 2% of the initial value (data not shown).
In a final experiment, we assessed the ability of our reactor to form carbonate salt precipitate in the presence of a nonbicarbonate base, TRIS base. We alkalinized the simulated brine by adding TRIS at 3630 mg/L. In this experiment, we used water purified by reverse osmosis to perform a mass balance. A key issue was to determine whether the membrane would function properly when all of the chemical components that could produce carbonate precipitate were present in the brine. Another key question was to assess the efficiency of precipitate formation using the simulated brine. The extraction efficiency of the gas was consistent with previous work using simulated brine (Figure 8, top) . The precipitation efficiency of the gas dissolved into the liquid was nearly 100% under the conditions chosen. Thus, the calculated net efficiency of transfer and conversion of CO 2 gas to precipitated product could be superimposed on the gas transfer efficiency curve. To fully assess the impact of base on the transfer and mineralization process, we ran the same experiment at neutral pH (Figure 8, bottom) . The extraction efficiency was somewhat lower than that observed with alkalinized brine, as expected, when comparing a neutral pH liquid with an alkaline liquid. However, this effect was small (i.e., ϳ6%). Therefore, the transfer of CO 2 to liquid remained quite efficient. However, even after allowing the effluent to react overnight, no precipitate formed. These results indicate that one can choose different chemical forms (i.e., mineral vs. soluble forms) as storage options for the CO 2 depending on the chemical properties of the brine.
Energy Model of CO 2 Capture Using Brine
To better understand the feasibility of using this laboratory chemistry on a larger scale, we developed the energy use model entitled "EMSS." A flow diagram of the model is shown in the appendix. There are 14 input variables, each of which is independently adjustable. The four main sections of EMSS are brine pumping power, gas compression power, CO 2 penalty as result of energy consumed, and CO 2 capture. The CO 2 concentration and capture section contains an input that addresses the presence of base, also shown in the diagram.
Two scenarios were modeled using EMSS. A summary of energy use for CO 2 capture and storage for an industrial gas burner that might be used in a typical manufacturing operation and that produced a dilute CO 2 stream was compared with hydrocarbon reforming from methane for hydrogen production (Table 2) . For a natural gas emissions control system, the concentration of CO 2 in the gas stream is 2% at 1.1 atm pressure. We found that it was necessary to use brine having a base content of 0.135 M from a reservoir 500 ft below the earth to achieve an energy expenditure of 0.34 MWh/t of net CO 2 captured, with an overall operational efficiency of 0.81. When modeling a hydrocarbon reforming operation, the CO 2 concentration is 60% at high pressure (25 atm), and this results in energy use of 0.37 MWh/t of net CO 2 captured and an overall operational efficiency of 0.80 at 2000-ft depth, with no base required for capture. 
DISCUSSION
In previous work, Xu et al. 14 used a polypropylene membrane contactor with aqueous absorbent solutions, such as sodium hydroxide, monoethanolamine, and diethanolamine to capture CO 2 from a CO 2 /N 2 mixture. They used a self-made polypropylene hollow fiber membrane, CO 2 concentrations of 5-50%, and gas and liquid flows of ϳ8.3-16.6 and 0.6 L/min, respectively. They found that their membrane efficiently transferred the CO 2 . The process was characterized by a mass transport coefficient that increased with increased liquid flow and increased gas flow and concentration of base added. The transport also varied with CO 2 concentration and temperature of the absorbent liquid. Trachtenberg and colleagues [15] [16] [17] developed an approach to CO 2 scrubbing based on using carbonic anhydrase for air purification applications in spacecraft. The use of enzyme-facilitated transport membranes was effective at low concentrations of CO 2 and could capture CO 2 to near-ambient levels. The carbonic anhydrase selectively enhanced the flux of CO 2 over O 2 . The membranes they used included immobilized liquid, aluminum oxide, and polyester types, and varying immobilization schemes for both native and mutated forms of carbonic anhydrase were used. Bond et al. 18 evaluated carbonic anhydrase for accelerated CO 2 transport for effective CO 2 capture into a liquid using a scrubber approach. Using catalyzed hydration, they proposed that CO 2 could be captured efficiently in a traditional scrubber that contained a catalyst, thereby avoiding the process of concentrating CO 2 . They developed various forms of the catalysts 19 and then used a suitable form with simulations of liquids that are produced from oil and natural gas exploration (so-called "produced water") to determine the efficiency of CO 2 capture and conversion to carbonate minerals. An appeal of this approach is that these "waters" are brine and brine-like liquids containing precipitating counterions (e.g., calcium and magnesium) that are already being generated, transported, and reinjected into the earth by the oil and gas industry during the process of energy exploitation. Based on this work, Liu et al. 20 estimated that 3.49 Mt of CO 2 /yr could be converted to carbonate from liquid from the San Juan and . pH was neutral (bottom). "CO 2 absorbed" is the percent of CO 2 gas from the feed stream transferred to the capture liquid; "CO 2 Mineralized Based on CO 2 in" refers to the amount of CO 2 captured and transformed into mineral; and "CO 2 Mineralized Based on CO 2 Dissolved" refers to the percentage of dissolved CO 2 that was mineralized. 
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Permian basins based on the known calcium and magnesium in the liquids.
In the present work, we combined and extended elements of these approaches. We confirmed that a membrane can efficiently capture CO 2 in a liquid medium over a range of conditions, including changes in CO 2 concentration, gas flow, liquid flow, and gas-side pressure. We demonstrated additive effects of base and dissolved carbonic anhydrase on the membrane efficiency and showed that simulated brine could be used intermittently as the capture liquid over a period of weeks without clogging or unacceptable degradation of the membrane. Simulated brine captured CO 2 from a gas stream at nearly the same efficiency (90 -95%) as that of TTW, the benchmark used in our early reactor experiments. The decline in efficiency using simulated brine at neutral pH is ϳ6% for the defined conditions. The reductions in CO 2 capture efficiency are due to the ionic effects in the brine, which tend to mildly impede the transfer of CO 2 gas and its conversion to acid and ions. The capture efficiency in brine is quite good at all pH levels (i.e., Յ98%), except when high bicarbonate loads are present with low pH, which impeded CO 2 transfer significantly. A membrane-based approach is flexible in that it is consistent with strategies to collect or convert the CO 2 in solution as a gas, acid or ions, or as precipitated carbonate salts. The reactor can work continuously with the fluids passing though in a single pass, with or without added chemicals, such as base. If base is present or added, the process of converting CO 2 to a stable, nontoxic salt is possible. These findings support the concept that direct transfer of CO 2 to brine for storage using a gas-to-liquid exchange membrane in one of several chemical forms is feasible.
There are several issues related to using membranes for industrial-scale CO 2 capture. They must be cost-effective and must stand up to the rigors of industrial-scale operations. Developing new and robust membranes is an active area of research. 21 In the present work, we used a high quality but relatively fragile polypropylene membrane system because of its high probability of providing good data on CO 2 transfer. As more options are developed, more industrially suitable membranes will emerge. Another possible issue is that, in this system, net transfer efficiencies of CO 2 are lower in streams with a low CO 2 concentration compared with those with a high concentration. This is attributable, in part, to the partial pressure of the CO 2 in the initial gas stream. Henry's law predicts that gas with a higher partial pressure of CO 2 will transfer more CO 2 to the liquid than gas with a lower partial pressure of CO 2 . The concentrations of CO 2 from typical gas, oil, and coal-burning generators and hydrogen reformers are 2-5%, 5-10%, 10 -15%, and 15-60%, respectively. At the lower CO 2 concentrations, modification may be needed to increase the mass of CO 2 captured per unit of energy used for capture and storage. One way to do this is to develop new ways of combusting fossil fuels to produce high CO 2 concentrations. An example of one approach is to burn oxygenated fuels, which produce high CO 2 concentrations per unit of energy. Another example is to eliminate N 2 before combustion using pressure swing absorption or adsorbents. This effectively concentrates the combustion reactants and produces a highly concentrated CO 2 stream. 22 Another way, as was shown in our current model, is to choose brines with high base content and/or add very inexpensive base. These modifications would incur costs that we have not addressed in the current model. However, the high CO 2 concentration case (hydrogen reforming) would not require these modifications or their added expense indicating potential use for such applications.
Storage of CO 2 is a critical part of any CO 2 capture and storage strategy. Although brine formations are a leading candidate for terrestrial storage, the best chemical form in which CO 2 should be stored (gas, ions, and/or mineral) is less clear. Storing the CO 2 as compressed gas is now a leading approach. This is the result of extensive experience using CO 2 flooding of oil and gas fields to enhance tertiary recovery of oil and gas. There are a number of issues that are being investigated when applied to CO 2 sequestration on a large scale. First, the amount of CO 2 to be sequestered is enormous: tens of gigatons of CO 2 are generated per year. Maintaining such huge volumes of CO 2 as a gas without concomitant leakage and possible risk to life and property is being intensively studied. 23 In addition to the gas storage option, we evaluated the possibility of using brine chemistry to form carbonate salts, which are stable, nontoxic forms of carbon. Salts of the carbonates could be formed into "mountains" above ground. Alternately, the CO 2 -containing brine could be pumped into the original brine formation and the precipitation could be allowed to occur underground (Figure 9 , top). These experiments show that the chemistry of the brine can be chosen in a membrane-based system to efficiently produce carbonate salts. Consistent with the work of Bond and colleagues, 18, 20 we found that, under the proper conditions, alkaline brine works quite effectively in converting CO 2 to carbonate ions that will react with appropriate counterions to produce solids. Base is needed to drive this reaction. Being able to augment any naturally occurring base with added base would increase the feasibility of this storage strategy. Although mineralization is preferable to storing CO 2 as a gas, we do not rule out the technical feasibility of storing CO 2 as gases or ions in brine formations (Figure 9 , bottom) if this proves acceptable from leakage and safety perspectives. However, the advantages of a mineralization strategy would make it the preferred approach.
To understand the energy penalty of brine-based CO 2 sequestration, we created a model to calculate the energy requirement to pump liquid from subterranean reservoirs and return the liquid to the reservoir. The model reports the results as the megawatt hour per ton of net CO 2 captured and the ratio of the rate of net CO 2 captured divided by the rate of CO 2 captured unadjusted for CO 2 from energy expenditure, a measure of efficiency of the sequestration operation. The user can compare operating conditions and required resources (e.g., use of pressure, base, CO 2 content of the gas steam, or changes in the efficiency of gas-to-liquid transfer) of a CO 2 sequestration scheme to achieve an acceptable operating energy use. This information makes it easy to compare the energy operating expenditure of a proposed sequestration scheme to other literature estimates.
